The 2,2 :6 :2 -terpyridine ligand has literally shaped the coordination chemistry of transition metal complexes in a plethora of fields. Expansion of the ligand bite by amine functionalities between the pyridine units in the tridentate N,N'-dimethyl-N,N'-dipyridine-2-ylpyridine-2,6-diamine ligand (ddpd) modifies the properties of corresponding transition metal complexes, comprising redox chemistry, molecular dynamics, magnetism and luminescence. The origins of these differences between ddpd and tpy complexes will be elucidated and comprehensively summarized with respect to first row transition metal complexes with d 2 -d 10 electron configurations. Emerging applications of these ddpd complexes complementary to those of the well-known terpyridine ligand will be highlighted.
Introduction
Pincer-type [1,2] terpyridine ligands (2,2 :6 ,2 -terpyridine tpy; pincer ligands are tridentate, 6-electron donor ligands that enforce a meridional coordination geometry on the metal centre) and their manifold complexes [3] play a central role in key fields of coordination chemistry with important applications in supramolecular chemistry [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , spin-crossover (SCO) phenomena [15] [16] [17] [18] , homogeneous catalysis [19] [20] [21] , biomedical applications [22] , redox non-innocence [23] [24] [25] [26] [27] or photochemistry [6, 7, 28] , to name just a few.
Variations of the prototypical tpy ligand include substitution at the central and outer pyridines, ring annulation at the outer N-heterocycles, for example, forming quinolines and substitution of pyridines by other heterocycles such as thiophenes or pyrimidines. Expansion of the tpy scaffold by formally inserting a single-atom bridge between the pyridines has been very successfully employed especially in the field of emissive ruthenium(II) complexes and photosensitizers [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] .
The effect of tpy ligand expansion in other, especially 3d metal complexes has been only scarcely explored and a systematic description and comparison with the prototypical tpy complexes is lacking. This review summarizes all available data on the expanded ligand ddpd (N,N'-dimethyl-N,N'-dipyridine-2-yl-pyridine-2,6-diamine), its homoleptic metal complexes Scheme 1. Homoleptic metal complexes of the tridentate polypyridine ligands tpy and ddpd.
Properties of the Ligand ddpd
The famous tridentate ligand tpy and its derivatives are typically prepared via copper or palladium mediated C-C coupling reactions or via Kröhnke condensation reactions [28, 39, 40] . The related expanded terpyridine ligand ddpd and its derivatives (deuterated, N-protonated, N-alkylated) can be prepared by three different routes [35, 41, 42] . The most direct and convenient way to ddpd is by nucleophilic substitution of 2,6-dibromopyridine with deprotonated 2-(methylamino)pyridine (Scheme 2a) [35] . The inverse substitution of 2-bromopyridine with deprotonated 2,6-diaminopyridine first yields the ligand 2,6 bis(2-pyridylamino)pyridine (H 2 tpda) [41] . This parent ligand is then N-alkylated by alkyl iodides such as methyl iodide to give ddpd, n-propyl iodide or n-hexyl iodide to give R 2 tpda (R = n Pr, n Hex; Scheme 2b) [43] . For deuterated derivatives of ddpd, starting from [D 5 ]-pyridine via its [D 5 ]-N-oxide and coupling with 2,6-diaminopyridine proved to be convenient to yield [D 8 ]-H 2 tpda. Alkylating [D 8 ]-H 2 tpda with CD 3 I gives the deuterated ligand [D 14 ]-ddpd (Scheme 2c) [42] . 2+ (dcpp = 2,6-bis(2-carbonylpyridyl)pyridine). A special focus will be placed on the similarities and differences with respect to analogous terpyridine complexes (Scheme 1) in the fields of stereochemical, dynamic, magnetic, redox and photophysical phenomena.
Scheme 1. Homoleptic metal complexes of the tridentate polypyridine ligands tpy and ddpd.
The famous tridentate ligand tpy and its derivatives are typically prepared via copper or palladium mediated C-C coupling reactions or via Kröhnke condensation reactions [28, 39, 40] . The related expanded terpyridine ligand ddpd and its derivatives (deuterated, N-protonated, Nalkylated) can be prepared by three different routes [35, 41, 42] . The most direct and convenient way to ddpd is by nucleophilic substitution of 2,6-dibromopyridine with deprotonated 2-(methylamino)pyridine (Scheme 2a) [35] . The inverse substitution of 2-bromopyridine with deprotonated 2,6-diaminopyridine first yields the ligand 2,6 bis(2-pyridylamino)pyridine (H2tpda) [41] . This parent ligand is then N-alkylated by alkyl iodides such as methyl iodide to give ddpd, npropyl iodide or n-hexyl iodide to give R2tpda (R = n Pr, n Hex; Scheme 2b) [43] . For deuterated derivatives of ddpd, starting from [D5]-pyridine via its [D5]-N-oxide and coupling with 2,6-diaminopyridine proved to be convenient to yield [D8]-H2tpda. Alkylating [D8]-H2tpda with CD3I gives the deuterated ligand [D14]-ddpd (Scheme 2c) [42] . Similar to tpy [44] , ddpd is not pre-organized for metal complexation and the terminal pyridines are oriented outward (Figure 1a ,c). This allows for CH … N hydrogen bonding interactions and avoids repulsion between the pyridine nitrogen lone pairs and between CH groups ( Figure 1a ). Terpyridine forms 5-membered rings including a CH … N hydrogen bond with the central pyridine nitrogen atom N2 (Figure 1c ), while the additional N-Me groups in ddpd enforce 6-membered rings with N2 ( Figure  1a) .
Although the N-Me group of ddpd should be more basic [45, 46] , addition of acid protonates one terminal pyridine unit (N1) and both terminal pyridines rearrange to point inward allowing for one short and one medium long N1H1 … N2/N3 hydrogen bond with N … N distances in the cavity of 2.51, 2.81 and 3.24 Å (Figure 1b) . This hydrogen bonding pattern favours the observed pyridine protonation site similar to pre-organized proton sponges with N … N distances between 2.3 and 2.6 Å [47] . The cavity formed by the three pyridines is somewhat too large for the small proton resulting in two different distorted six-membered chelate rings (Figure 1b) . On the other hand, this cavity should perfectly fit to accommodate metal ions. Tpy is protonated at N1 as well (Figure 1d ) [48] . However, tpy only realizes a single N1H1 … N2 hydrogen bond with an N1 … N2 distance of 2.65 Å forming a fivemembered ring, while the second pyridine (N3) remains oriented outward. The [CF3SO3] − counterion additionally binds to the pyridinium site N1H1.
The conformations and protonation sites already point to key differences between tpy and ddpd, namely the different available ring sizes and the proton sponge-like behaviour of ddpd due to its electron-richness and flexibility. A computational study of Ni(CO)3(N1-ddpd), Ni(CO)3(N2-ddpd) complexes and other Ni(CO)3(L) complexes revealed that the net donor strength (σ + π) of ddpd donor atoms ranks between that of trimethylamine and N-heterocyclic carbene ligands and is larger than that of pyridine, as estimated from the Density Functional Theory (DFT) calculated A1 carbonyl stretching modes of the Ni(CO)3 fragments [35] . Obviously, ddpd is a stronger Lewis base and a stronger Brønsted base than tpy.
The ligand ddpd is fluorescent in solution (λmax = 398 nm; Φ = 8.0%,  = 3.0 ns in CH3CN; λmax = 410 nm in acid-free CH2Cl2) [49, 50] . In acidic CH2Cl2 or in the intentional presence of acid, the emission band shifts to 395 nm ( = 4.0 ns) [49] . In contrast, protonation of tpy in CH3CN shifts its emission band from 340 nm to 412 nm (25.6 ns) [51] .
In line with the electron donating character of the N-Me groups, ddpd is very difficult to reduce to its radical anion ddpd· − (peak potential −3.27 V vs. ferrocene in CH3CN) [49] . On the other hand, tpy is reversibly reduced to tpy· − at −2.55 V versus ferrocene in CH3CN [52] . The relative ease of reduction causes the typical redox non-innocent behaviour of tpy in many first-row transition metal complexes [23] [24] [25] [26] [27] . The electron rich ddpd ligand in contrast should behave essentially redoxinnocent in transition metal complexes. Oxidation of ddpd's N-Me groups to the radical cations is irreversible with peak potentials at 0.55 V and 1.06 V versus ferrocene in CH3CN [49] .
Typical The rigid five-membered C2N2M chelate rings formed by tpy ligands merely allow for a meridional coordination in homoleptic complexes [M(tpy)2] n+ . In contrast, the more flexible sixmembered C2N3M chelate rings formed by ddpd ligands enable both meridional and facial coordination modes, that is, a pincer-type [1] or a tripodal topology (Scheme 4a). In fact, mer isomers of [M(ddpd)2] n+ complexes appear to be more prevalent but cis-fac isomers have been observed as well. The six-membered chelate rings in the ddpd complexes form boat conformations. The metal centre M and the N-Me group (N7, N9) lie above the mean plane of the ring (Scheme 4a). The rigid five-membered C 2 N 2 M chelate rings formed by tpy ligands merely allow for a meridional coordination in homoleptic complexes [M(tpy) 2 ] n+ . In contrast, the more flexible six-membered C 2 N 3 M chelate rings formed by ddpd ligands enable both meridional and facial coordination modes, that is, a pincer-type [1] or a tripodal topology (Scheme 4a). In fact, mer isomers of [M(ddpd) 2 ] n+ complexes appear to be more prevalent but cis-fac isomers have been observed as well. The six-membered chelate rings in the ddpd complexes form boat conformations. The metal centre M and the N-Me group (N7, N9) lie above the mean plane of the ring (Scheme 4a). The M-x1-x2 and N7/9-x2-x1 angles vary between 139° and 145°. On the other hand, the chelates formed by tpy are essentially planar with M-x1-x2 angles approaching 180° (Scheme 4a). The N-M-N bite angles of ddpd are significantly larger (80-89°) than that of tpy with 75-82° (Tables  1 and 2 [54] [55] [56] [57] [58] . For an ideal octahedron, this value will be zero and increases with the structural deviation. The higher flexibility and thus higher adaptability of the six-membered chelate rings of ddpd allow for N-M-N angles closer to 90° and for similar M-N distances and thus enable "more octahedral" coordination geometries. The rigid pincer ligand tpy features smaller N-M-N angles and significantly differing M-N distances to the central and terminal pyridines yielding much more distorted coordination polyhedrons. This is clearly obvious from the significantly larger shape measure S(OC-6) of [M(tpy)2] n+ complexes as compared to analogous [M(ddpd)2] n+ complexes (Tables  1 and 2 ). Interestingly, the S(OC-6) values increase along the series Fe II /Co III < Cr III < Ni II < Co II < Cu II < Zn II in both ligand series, suggesting that this trend is coded in the d electron configuration of the metal ion (low-spin d 6 10 ), especially in the occupation of the eg* orbitals and in the presence of Jahn-Teller effects [59] . [Cr(L)2] 2+ complexes feature different electron distributions for L = ddpd and tpy as will be discussed below. (Tables 1 and 2) . With the tpy ligand and the five-membered chelates being planar, the point group of [M(tpy) 2 ] n+ complexes is C 2v . As ddpd is a non-planar ligand in homo-and heteroleptic complexes, the point group of [M(ddpd) 2 ] n+ complexes is only C 2 . Consequently, mer-[M(ddpd) 2 ] n+ complexes are chiral with helical chirality (Scheme 4b). Mixed ruthenium(II) complexes [Ru(ddpd)(tpy-X)] 2+ form diastereomeric ion pairs with chiral enantiopure counterions [33] . Racemic mer-[Cr(ddpd) 2 ] 3+ complexes can be partially resolved into the corresponding P and M enantiomers. These seem to be configurationally stable on the HPLC timescale [53] . The isomeric cis-fac-[M(ddpd) 2 ] n+ complexes are chiral as well (Scheme 4b) and have been isolated only as racemic mixtures so far. In the following, all mer-and cis-fac-[M(ddpd) 2 ] n+ complexes are racemic mixtures and this will not be indicated explicitly.
All 6 ] coordination sphere. The deviation of the experimental coordination geometry from the ideal octahedron can be expressed by a continuous shape measure S(OC-6) as implemented in the program SHAPE 2.1 (free download at http://www.ee.ub.es) [54] [55] [56] [57] [58] . For an ideal octahedron, this value will be zero and increases with the structural deviation. The higher flexibility and thus higher adaptability of the six-membered chelate rings of ddpd allow for N-M-N angles closer to 90 • and for similar M-N distances and thus enable "more octahedral" coordination geometries. The rigid pincer ligand tpy features smaller N-M-N angles and significantly differing M-N distances to the central and terminal pyridines yielding much more distorted coordination polyhedrons. This is clearly obvious from the significantly larger shape measure S(OC-6) of [M(tpy) 2 ] n+ complexes as compared to analogous [M(ddpd) 2 ] n+ complexes (Tables 1 and 2) . Interestingly, the S(OC-6) values increase along the series Fe II /Co III < Cr III < Ni II < Co II < Cu II < Zn II in both ligand series, suggesting that this trend is coded in the d electron configuration of the metal ion (low-spin d 6 10 ), especially in the occupation of the e g * orbitals and in the presence of Jahn-Teller effects [59] . [Cr(L) 2 ] 2+ complexes feature different electron distributions for L = ddpd and tpy as will be discussed below.
Specific to ddpd are the bridging three-coordinate nitrogen atoms N7/N8 and N9/N10 and their respective degree of planarization as defined by PL/% = 100 [43] . In ddpd as well as in [H-ddpd] + , these N atoms are in a planar environment with PL = 100%, while in the homoleptic complexes mer-[M(ddpd) 2 ] n+ the degree of planarization varies between 81% and 93% (Table 1) . This indicates that metal chelation induces some strain in the ligand. 
Zn II [49] 2.1427 (16) In the solid state, [M(tpy) 2 ] 2+ complexes exhibit characteristic edge-to-face (ef ) and offset-face-to-face (off ) interactions between the outer pyridine rings of the essentially planar aromatic tridentate ligands (terpyridine embrace, Figure 2a ) [68, 72] . Similarly, [M(ddpd) 2 ] 2+ cations pack in the solid state displaying characteristic ef -off -ef interactions between the (non-planar) ddpd ligands of neighbouring complexes. The off interaction occurs between two outer pyridine rings and the two ef interactions between central and outer pyridines (Figure 2b ). In essence, the main differences between tpy and ddpd are the stronger electron donating and weaker electron accepting character of ddpd in addition to its higher flexibility and larger N-M-N bite angles. In the following chapters, the translation of these key differences of the tridentate oligopyridine ligands into different properties of first row transition metal ddpd and tpy complexes will be elaborated in more detail. [49, 73] . Ligand protons experience a coordination shift of the 1 H NMR resonances upon complexation to a metal centre. In diamagnetic complexes of ddpd and tpy, this effect is strongest for the α protons of the terminal pyridines. These α protons are directed toward the metal ion in a region of electron density of the metal t2g electrons resulting in additional shielding of the nuclear spin and a corresponding upfield shift. This effect is strong in lowspin d 6 Table 3 ). In both diamagnetic series of complexes (L = ddpd, tpy; M = Zn II , Co III , Fe II ), the coordination shift correlates roughly with the M … H α distances estimated from single crystal Xray diffraction (Table 3) . Furthermore, the α protons experience the ring current of pyridines of the second tridentate ligand with H … (pyridine centre) distances of around 3.2 Å (tpy) and 3.3-3.4 Å (ddpd). This effect could account for the slightly less pronounced coordination shift in the ddpd complexes (Table 3) . [a] Relative to δ(H α (ddpd)) = 8.29 ppm (CD3CN) [35] . [b] Relative to δ(H α (tpy)) = 8.69 ppm (CDCl3) [75] .
mer-[Zn
[c] This work. [d] [20] . In contrast, [Zn(ddpd)2] 2+ is only irreversibly reduced analogous to the ddpd ligand itself (Table 4) . Due to the positive charge of the complex, these potentials are less negative than in the non-coordinated In essence, the main differences between tpy and ddpd are the stronger electron donating and weaker electron accepting character of ddpd in addition to its higher flexibility and larger N-M-N bite angles. In the following chapters, the translation of these key differences of the tridentate oligopyridine ligands into different properties of first row transition metal ddpd and tpy complexes will be elaborated in more detail. [49, 73] . Ligand protons experience a coordination shift of the 1 H NMR resonances upon complexation to a metal centre. In diamagnetic complexes of ddpd and tpy, this effect is strongest for the α protons of the terminal pyridines. These α protons are directed toward the metal ion in a region of electron density of the metal t 2g electrons resulting in additional shielding of the nuclear spin and a corresponding upfield shift. This effect is strong in low-spin d 6 Table 3 ). In both diamagnetic series of complexes (L = ddpd, tpy; M = Zn II , Co III , Fe II ), the coordination shift correlates roughly with the M . . . H α distances estimated from single crystal X-ray diffraction (Table 3) . Furthermore, the α protons experience the ring current of pyridines of the second tridentate ligand with H . . . (pyridine centre) distances of around 3.2 Å (tpy) and 3.3-3.4 Å (ddpd). This effect could account for the slightly less pronounced coordination shift in the ddpd complexes (Table 3) . (Table 4) . Due to the positive charge of the complex, these potentials are less negative than in the non-coordinated ddpd or tpy ligands (Table 4) . Oxidation of the ddpd ligands in [Zn(ddpd) 2 ] 2+ is shifted anodically, as compared to ddpd due to its positive charge (Table 4) [49] . 
[a] ref [49] . [b] ref [52] . [c] in DMF/H 2 O (9:1 v/v) ref [20] . [d] ref [60] .
[e] L = 5,5 -dimethyl-2,2 :6 ,2 -terpyridine [12] . [f] ref [61] . [g] ref [78] . [h] ref [62] . [i] ref [79] . [j] ref [64] . [k] ref [25] . [l] ref [26] . [m] ref [50] . [n] ref [27] . [o] ref [80] .
In the solid state, the coordination geometry of [Zn(ddpd) 2 ] 2+ deviates appreciably from an idealized octahedron with S(OC-6) = 1.18 when compared to other [M(ddpd) 2 ] n+ complexes ( Figure 3a , Table 1 ). However, the distortion of [Zn(tpy) 2 ] 2+ is dramatically larger with S(OC-6) = 4.45, which can be accounted for by the very small N-Zn-N bite angles of 75 • (Table 2) . Coordination of Zn 2+ to ddpd shifts the π-π* absorption maxima to higher energy from 274/333 nm to 248/308 nm. In the colourless homoleptic complex, these bands are assigned to ligand-centred transitions essentially from the electron-rich N-Me groups to the pyridine's π* orbitals. Fluorescence is observed at 373 nm in (acid-free) CH2Cl2 with 6.5% quantum yield and 0.6 ns lifetime [49] . The diminished fluorescence lifetime as compared to ddpd is likely due to the heavy-atom effect of Zn 2+ , enabling intersystem crossing (ISC) to the triplet state. The tpy-based fluorescence of [Zn(tpy)2] 2+ is found at higher energy with significantly higher quantum yield (λem = 353 nm, Φ = 65%) [81] . The NMe donor groups of ddpd are likely responsible for the slightly lower emission energy of [Zn(ddpd)2] 2+ . The flexibility of the six-membered chelates possibly allow for enhanced non-radiative relaxation in [Zn(ddpd)2] 2+ .
With coordinating counter ions such as chloride present, heteroleptic complexes form. ZnCl2 and terpyridine yield the neutral complex ZnCl2(tpy) [82] . Interestingly, the analogous five-coordinate complex Zn(H2tpda)Cl2 has been reported ( Figure  3c ) with a fluorescence emission band peaking at 392 nm in MeOH [41] . The reported UV/Vis absorption spectrum of Zn(H2tpda)Cl2 in MeOH with a strong 311 nm absorption band [41] , however, strongly resembles that of [Zn(ddpd)2] 2+ ions [49] . Hence, an analogous equilibrium Coordination of Zn 2+ to ddpd shifts the π-π* absorption maxima to higher energy from 274/333 nm to 248/308 nm. In the colourless homoleptic complex, these bands are assigned to ligand-centred transitions essentially from the electron-rich N-Me groups to the pyridine's π* orbitals. Fluorescence is observed at 373 nm in (acid-free) CH 2 Cl 2 with 6.5% quantum yield and 0.6 ns lifetime [49] . The diminished fluorescence lifetime as compared to ddpd is likely due to the heavy-atom effect of Zn 2+ , enabling intersystem crossing (ISC) to the triplet state. The tpy-based fluorescence of [Zn(tpy) 2 ] 2+ is found at higher energy with significantly higher quantum yield (λ em = 353 nm, Φ = 65%) [81] . The N-Me donor groups of ddpd are likely responsible for the slightly lower emission energy of [Zn(ddpd) 2 ] 2+ . The flexibility of the six-membered chelates possibly allow for enhanced non-radiative relaxation in [Zn(ddpd) 2 ] 2+ .
With coordinating counter ions such as chloride present, heteroleptic complexes form. ZnCl 2 and terpyridine yield the neutral complex ZnCl 2 (tpy) [82] . With ddpd and ZnCl 2 Interestingly, the analogous five-coordinate complex Zn(H 2 tpda)Cl 2 has been reported ( Figure 3c ) with a fluorescence emission band peaking at 392 nm in MeOH [41] . The reported UV/Vis absorption spectrum of Zn(H 2 tpda)Cl 2 in MeOH with a strong 311 nm absorption band [41] complexes with L = ddpd and tpy are distorted, substitutionally labile, optically transparent in the visible spectral region and fluoresce only in the UV spectral region. The tpy complex shows reversible ligand-centred reductions, while the ddpd complex is basically redox-inert between −2.3 V and +1.1 V.
mer-[Cu(ddpd) 2 ] 2+ [d 9 ]
The green and dark green d 9 -copper(II) complexes [Cu(ddpd) 2 ] 2+ and [Cu(tpy) 2 ] 2+ are S = 1 /2 paramagnets ( Table 5 ). As expected for copper(II) ions, the spin-only value of χT = 0.375 cm 3 K mol −1 is clearly surpassed [83] . Both copper(II) complexes can be reduced to copper(I) species. However, this process is quasireversible for [Cu(ddpd) 2 ] 2+ and irreversible for [Cu(tpy) 2 ] 2+ at room temperature (Table 4) . This behaviour suggests a reduction of the coordination number in both cases [12] . This phenomenon had been elegantly exploited by Sauvage and co-workers in the design of redox-controlled motions in catenates using redox-active [Cu(tpy)] 2+/+ units [12] [13] [14] . Further irreversible oxidations and reductions are similar to the ones observed for [Zn(ddpd) 2 ] 2+ and assigned to ddpd-centred processes (Table 4) . [a] ref [83] . [b] ref [60] . [c] ref [84] . [d] ref [85] . [e] ref [61] . [f] for [Ni(tpy) 2 ]Br 2 [86] . [g] ref [62] . [h] [86] . [i] ref [87] . [j] ref [70] . [k] This "chromium(II)" complex is correctly described as [Cr III (tpy· − )(tpy)] 2+ with a S = 1 ground state requiring χT(spin-only) = 1.000 cm 3 K mol −1 ; ref. [27] , similar to [Cr III (bpy· − )(bpy) 2 ] 2+ ; ref. [88] . [l] ref [50] and Figure S1 . [m] ref [89] . [n] for [V(tpy) 2 ]I 2 [90] .
[Cu(ddpd) 2 ] 2+ exhibits two ligand field bands at 653 nm (ε = 25 M −1 cm −1 ) and 1254 nm (ε = 5 M −1 cm −1 ) in CH 3 CN [60] . The latter band arises from the Jahn-Teller [59] distortion of the d 9 complex with (t 2g ) 6 (e g ) 3 electron configuration and the resulting splitting of the 2 E ground state (term symbol based on idealized O symmetry). From the two bands, the ligand field splitting ∆ o and the Jahn-Teller splitting 4δ 1 are estimated as 11,325 cm -1 and 7975 cm −1 , respectively [60] . For analogous tpy complexes [Cu(tpy) 2 ] 2+ with varying counter ions, both ∆ o (11,200-11,300 cm −1 ) and 4δ 1 (5900−6500 cm −1 ) are smaller [91] . This can be traced back to the stronger σ interaction of ddpd with the copper d orbitals and consequently a slightly larger ligand field splitting and furthermore a significantly larger Jahn-Teller [59] splitting. The larger Jahn-Teller splitting is furthermore favoured by the higher flexibility of ddpd.
Both copper(II) complexes are fluxional at room temperature. The dynamics slow down at lower temperature. "Freezing-in" occurs below 77 K for the tpy complex and at ≈100 K for the ddpd complex [60] . This suggests a larger Jahn [60] . At 263 K, the two possible elongated octahedrons (along x and along y) are dynamically averaged with fixed Cu-N2/N5 distances (2.064/1.979 Å) along z and averaged Cu-N1/N3 (2.149/2.149 Å) and Cu-N4/N6 distances (2.191/2.191 Å) [60] . The combined action of dynamic Jahn-Teller distortion (x/y) and ligand strain (Cu-N2/N5 fixed along z) results in an apparent compressed octahedron. This apparent change from elongated to compressed octahedral upon warming is easily followed in the temperature dependent X-band EPR spectra of [Cu (ddpd) (Figure 4 ). In the intermediate temperature range, the EPR spectra are weighted superpositions of the low-and high-temperature spectra [60] . As this temperature-dependent dynamic is essentially independent of the environment (pure copper(II) crystal, diamagnetic host crystal, frozen solution), cooperative effects are absent and the Jahn- is more difficult to reduce to copper(I), features a larger ligand field and Jahn-Teller splitting and a higher barrier for the Jahn-Teller dynamics. All these phenomena can be accounted for by the stronger σ-donating character of ddpd. 
mer-[Ni(ddpd)2] 2+ [d 8 ]
The d electron configuration of nickel(II) in an octahedral ligand field is (t2g) 6 (eg) 2 , leading to a 3 A2 ground state. The magnetic susceptibility data of T = 1.20 and 1.11 cm 3 K mol −1 for [Ni(tpy)2] 2+ and [Ni(ddpd)2] 2+ confirm the triplet ground states (Table 5) . At low temperature, zero-field splitting is apparent leading to a drop of the T values in both complexes [61, 92] . The ligand-dictated octahedral compression of [Ni(tpy)2] 2+ is much more pronounced (S(OC-6) = 3. (Tables 1 and 2 ). 
mer-[Ni(ddpd) 2 ] 2+ [d 8 ]
The d electron configuration of nickel(II) in an octahedral ligand field is (t 2g ) 6 (e g ) 2 (Table 5) . At low temperature, zero-field splitting is apparent leading to a drop of the χT values in both complexes [61, 92] . The ligand-dictated octahedral compression of [Ni(tpy) 2 ] 2+ is much more pronounced (S(OC-6) = 3.18; (Tables 1 and 2 Figure 5 ) [24, 61, 91] . The transitions at lowest energy correspond directly to the respective ligand field splittings ∆ o = 12,350 and 12,700 cm −1 , demonstrating that ddpd induces a stronger ligand field by 350 cm −1 . Nickel(II) polypyridine complexes display the spin-forbidden 3 A 2 → 1 E transition close to the low-energy spin-allowed 3 A 2 → 3 T 2 transition indicating a comparably strong ligand field in all cases. The intensity of the spin-flip band is rather high due to an intensity borrowing mechanism, which scales directly with the square of the spin-orbit coupling parameter λ and inversely with the square of the energy difference ∆E ( Figure 5 ; shoulder at 11,300 cm -1 for [Ni(ddpd) 2 ] 2+ ) [93] . The energy differences between the 1 E and 3 T 2 spectroscopic terms are quite small and consequently luminescence from the spin-flip 1 E states is not observed [61] . Figure 5 ) [24, 61, 91] . The transitions at lowest energy correspond directly to the respective ligand field splittings ∆o = 12,350 and 12,700 cm −1 , demonstrating that ddpd induces a stronger ligand field by 350 cm −1 . Nickel(II) polypyridine complexes display the spinforbidden 3 A2 → 1 E transition close to the low-energy spin-allowed 3 A2 → 3 T2 transition indicating a comparably strong ligand field in all cases. The intensity of the spin-flip band is rather high due to an intensity borrowing mechanism, which scales directly with the square of the spin-orbit coupling parameter λ and inversely with the square of the energy difference ∆E ( Figure 5 ; shoulder at 11,300 cm -1 for [Ni(ddpd)2] 2+ ) [93] . The energy differences between the 1 E and 3 T2 spectroscopic terms are quite small and consequently luminescence from the spin-flip 1 E states is not observed [61] . [20, 94] . The resulting proposed [Ni II (tpy· -)] + species exhibits selectivity for electrochemical CO2 reduction over proton reduction [20] 03 V) . Presumably, the irreversible reduction is associated with the formation of [Ni I (ddpd)] + species after ligand loss. In the presence of CO2/acetic acid a catalytic current with an onset potential of ca. −1.1 V versus ferrocene is observed ( Figure S2) . A detailed comparison of this behaviour and that proposed for [Ni(tpy)2] 2+ will be subject to future studies [20] .
In Reaction of Co(BF4)2×6H2O with ddpd in ethanol (Scheme 3) yields a precipitate, which contains two phases according to powder X-ray diffraction and SEM images [63] . Paramagnetic NMR spectroscopy in acetonitrile solution indicates the presence of only a single metal complex isomer [63] . Reduction of [Ni(tpy) 2 ] 2+ is ligand-based yielding [Ni II (tpy)(tpy· − )] + , which slowly releases a tpy ligand [20, 94] . The resulting proposed [Ni II (tpy· -)] + species exhibits selectivity for electrochemical CO 2 reduction over proton reduction [20] 03 V) . Presumably, the irreversible reduction is associated with the formation of [Ni I (ddpd)] + species after ligand loss. In the presence of CO 2 /acetic acid a catalytic current with an onset potential of ca. −1.1 V versus ferrocene is observed ( Figure S2) . A detailed comparison of this behaviour and that proposed for [Ni(tpy) 2 ] 2+ will be subject to future studies [20] .
In (Figure 6b ) [63] . In both stereoisomers, the cobalt(II) centres are in their high-spin state [63] . The cis-fac isomer is the kinetic product, while the mer isomer is the thermodynamically stable one. In contrast, only the mer isomers of [Co(tpy) 2 ] 2+ are available due to the rigid nature of tpy. For the d 7 electron configuration, the ground state can be either low-spin ((t2g) 6 (eg) 1 ; 2 E; S = 1 /2) or high-spin ((t2g) 5 (eg) 2 ; 4 T1; S = 3 /2) [15, 16] . In fact, the terpyridine complexes [Co II (tpy)2]X2×nH2O (X = halide, pseudohalide, NO3 − , ClO4 − ; n = 0-5) exhibit incomplete and gradual SCO behaviour [95, 96] . On the other hand, [Co(tpy)2][PF6]2 remains in the high-spin state down to low temperatures [16] . The entropy change during the SCO due to the spin change amounts to ΔSspin = R[ln (2S + 1)hs − ln(2S + 1)ls] = 5.8 J K -1 mol -1 . The ΔSspin of cobalt(II) is smaller than those of d 6 -iron(II) (13.4 J K -1 mol −1 ) or d 5 -iron(III) (9.1 J K -1 mol −1 ) SCO complexes. Therefore, the SCO phenomenon can be induced in cobalt(II) compounds by smaller external stimuli such as confinement in host lattices (e.g., [Fe0.83Co0.17(tpy)2][PF6]2 displays cobalt-based SCO) [16] or phase transitions enabled by interchain interactions of alkyl substituted tpy ligands 4′-R-tpy [97] . Furthermore, cobalt(II) complexes with certain 4'-substituted terpyridine ligands R-tpy with R = OC14H29, OC16H33 display "reverse SCO" with the low-spin state populated at higher temperature instead of the conventional temperature dependence [97, 98] .
[ Figure 6a ). [62, 68] . In addition, [Co(ddpd) 2 ] 2+ displays sharp 13 C NMR resonances between δ = +602 ppm and δ = −216 ppm in CD 3 CN at room temperature [62] .
The 3 ] a band at 11,500 cm -1 has been assigned to the 4 T 1 → 4 T 2 transition (without addressing the trigonal splitting). Further transitions of tpy and bpy complexes are masked by MLCT transitions [16] . 13 C NMR resonances between  = +602 ppm and  = −216 ppm in CD3CN at room temperature [62] . Table 1 ) splits the t2g and eg levels enabling four transitions. The observed bands can then be interpreted as dxz/yz → dx2−y2, dxy → dx2−y2, dxz/yz → dz2 and dxy → dz2 excitations leading to averaged tetragonal splittings of the t2g and eg levels of 3410 and 6635 cm −1 , respectively and an averaged ligand field splitting ∆o of 16,440 cm −1 . This value of ∆o is quite high and should enable SCO under appropriate conditions. In single crystals of [Co(tpy)2][PF6]2 (high-spin) two ligand field bands are discernible at 9200 and 11,600 cm −1 , assigned to the split components of the 4 T1 → 4 T2 transition in the distorted octahedron. For [Co(bpy)3][NaRh(ox)3] a band at 11,500 cm -1 has been assigned to the 4 T1 → 4 T2 transition (without addressing the trigonal splitting). Further transitions of tpy and bpy complexes are masked by MLCT transitions [16] . Both cobalt(II) complexes undergo a reversible oxidation to the cobalt(III) complexes at low potential (Table 4) Both cobalt(II) complexes undergo a reversible oxidation to the cobalt(III) complexes at low potential (Table 4) 2 ] 3+ is almost perfectly octahedral with S(OC-6) = 0.10 (Tables 1 and 2; Figure 6c ), underscoring the high electronic symmetry of the (t 2g ) 6 electron configuration.
The low-spin d 6 cobalt(III) complex [Co(ddpd) 2 ] 3+ displays two absorption bands at 21,040 and 25,245 cm −1 (superimposed onto π-π* and charge transfer bands; maxima fit by Gaussian bands, Figure 7 ) which can be assigned to the spin-allowed ligand field transitions 1 A 1 → 1 T 1 and 1 A 1 → 1 T 2 , respectively [104] . The lower energy corresponds to the ligand field splitting ∆ o = 21,040 cm −1 . The ligand field bands of [Co(phen) 3 [62] . In addition to the spin-barrier for the ddpd complexes, the Co-N bond lengths Co-N2 and Co-N1/3 decrease by 0.148 and 0.166 Å upon oxidation (Table 1) . Similarly, the averaged Co-N2 and Co-N1/N3 bond lengths of the tpy complexes shrink by 0.149 and 0.200 Å, respectively (Table 2) . Obviously, the large reorganization energies (irrespective of the Co II spin state) mainly account for the comparably slow electron transfer rates. Even smaller self-exchange rate constants are found for Co III/II complexes of aliphatic amines, such as [Co(en) 3 ] 3+/2+ with k ex = 2 × 10 −5 M −1 s −1 [108] . This has been ascribed to the innocent nature of ethylene diamine in contrast to the redox-activity of bpy or phen ligands. The latter enable a strong electronic coupling via π* orbitals of the ligands in the electron transfer step, for example via the ubiquitous "phenyl embraces" of polypyridine complexes (Figure 2 ) [72] . As ddpd is a poor electron acceptor, electron transfer to [Co(ddpd) 2 ] 3+ is retarded by the high-lying π* orbitals of ddpd.
The slow electron transfer kinetics of the reduction of [Co(ddpd) 2 ] 3+ can be beneficial for applications in dye-sensitized solar cells, retarding the undesired back-electron transfer (recombination) at the TiO 2 electrode [102] . However, dye-regeneration by [Co(ddpd) 2 ] 2+ is also slow [103] . Compared to the standard iodide/triiodide electrolyte, the overall performance of outer sphere cobalt(III/II) electrolytes in dye-sensitized solar cells depends on the dye and the electrode surface treatment among other factors [102, 103, 109, 110] (Table 4 ) [20] . The latter neutral species has been described either as [Co I (tpy· − )(tpy)] 0 [20] or as [Co II (tpy· − ) 2 ] 0 [24] . After the loss of one tpy ligand, the resulting species catalyses the electroreduction of CO 2 to CO and of protons to H 2 [20] . The ddpd complex [Co II (ddpd) 2 ] 2+ is irreversibly reduced at −1.80 V. This reduction occurs at a potential 0.58 V less negative than the ligand-centred reduction of the [Zn II (ddpd) 2 ] 2+ complex, suggesting that the cobalt(II) ion is reduced to cobalt(I) similar to the [Co(tpy) 2 ] 2+/+ reduction process (Table 4 ). The [Co I (tpy) 2 ] + monocation features some π back-donation into the π* orbitals of tpy [24] . However, the strongly electron donating character of ddpd is incompatible with back-donation from a d 8 6 electron configuration at room temperature. Both complex cations deliver sharp and well-resolved NMR spectra (Tables 3 and 6 ). Coordination of iron(II) to tpy and ddpd results in a significant 15 N shielding effect of the pyridine nitrogen nuclei [112] . The effect is more pronounced for the terminal pyridines (N1) than for the inner one (N2) in both cases (Table 6 ). Yet, the relative 15 N coordination shift difference between N1 and N2 is much larger for the tpy complex (49 ppm) than for the ddpd derivative (23 ppm), possibly arising from the different symmetry (Tables 1  and 2 ). Interestingly, the coordination shift does not correlate with the M-N distances in the solid state (Tables 1 and 2 ) [112] . Expectedly, the 15 N chemical shift of the bridging N-Me groups of ddpd is hardly affected by the iron(II) coordination (Table 6 ). [a] Relative to δ(N1(ddpd)) = −84.8 ppm; δ(N2(ddpd)) = −124.1 ppm; δ(N7(ddpd)) = −283.1 ppm (CD 3 CN) [35, 113] . [b] Relative to δ(N1(tpy)) = 73.0 ppm; δ(N2(tpy)) = 82.8 ppm ([D] 6 -DMSO) [112] . [ In the Mößbauer spectra of the tpy and ddpd iron(II) complexes, the quadrupole doublets appear at δ = 0.28 mm s −1 and δ = 0.39 mm s −1 , respectively [25, 64] . The quadrupole splitting of ∆E Q = 1.05 mm s −1 of the tpy complex surpasses that of the ddpd complex with ∆E Q = 0.40 mm s −1 suggesting a much higher symmetry of the [Fe(ddpd) 2 ] 2+ complex ion [25, 64] . This is also reflected in the stronger deviation of the tpy complex from octahedral symmetry (Tables 1 and 2) .
Refluxing a solution of [Fe(ddpd) 2 ] 2+ in CH 3 CN does not lead to spin-crossover (SCO) to the 5 T 2 high-spin state but to ligand dissociation [64] . Under these conditions, the [Fe(tpy) 2 ] 2+ ion is thermally stable but does not undergo SCO either. This suggests a too strong ligand field splitting in both complexes. Substitution of tpy at the sterically unhindered 4,4 positions retains the low-spin ground state [111] . On the other hand, substituents at the α positions (6,6 ) (X = F, Cl, Br) lead to a diminished ligand field strength and high-spin ground states (X = Cl, Br) or SCO behaviour (X = F) [114, 115] .
Increasing the steric bulk at the bridging nitrogen atom of ddpd in [Fe( n Pr 2 tpda) 2 ] 2+ and [Fe( n Hex 2 tpda) 2 ] 2+ complexes (see Scheme 2 for R 2 tpda ligands) increases the hydrolytic lability of the iron(II) complexes, yet the electronic structure remains low-spin iron(II) [43] . The parent complex [Fe(H 2 tpda) 2 ] 2+ is in the low-spin state as well [116] . In acetonitrile solution, deprotonation at the NH groups of [Fe(H 2 tpda) 2 ] 2+ readily occurs for example in the ESI mass spectrometer [43] .
In contrast to the Zn 2+ /chloride/ddpd system (see above), bromide ions cannot compete with ddpd for iron(II) coordination sites and [Fe(ddpd) 2 ]Br 2 can be isolated and crystallized (Figure 8 ) in addition to the salts with weakly coordinating anions BF 4 -or PF 6 - (Table 1 ) [64] . The Fe . . . Br distance amounts to 6.6 Å, indicating an electrostatic interaction at best but no coordination. In all [Fe(ddpd) 2 ][X] 2 salts, the geometry of the dications is close to octahedral with S(OC-6) < 0.2 (Table 1) .
[Fe(H2tpda)2] 2+ is in the low-spin state as well [116] . In acetonitrile solution, deprotonation at the NH groups of [Fe(H2tpda)2] 2+ readily occurs for example in the ESI mass spectrometer [43] . In contrast to the Zn 2+ /chloride/ddpd system (see above), bromide ions cannot compete with ddpd for iron(II) coordination sites and [Fe(ddpd)2]Br2 can be isolated and crystallized (Figure 8 ) in addition to the salts with weakly coordinating anions BF4 -or PF6 - (Table 1) [64] . The Fe … Br distance amounts to 6.6 Å, indicating an electrostatic interaction at best but no coordination. In all [Fe(ddpd)2][X]2 salts, the geometry of the dications is close to octahedral with S(OC-6) < 0. is commonly assigned to a MLCT transition at 552 nm enabled by the low-energy π* orbitals of tpy [111] . The π* orbitals of ddpd are 2 ] 2+ is commonly assigned to a MLCT transition at 552 nm enabled by the low-energy π* orbitals of tpy [111] . The π* orbitals of ddpd are at higher energy and consequently the MLCT absorption of [Fe(ddpd) 2 ] 2+ is strongly hypsochromically shifted to 395 nm [64] .
Consistent with the stronger electron donating character of ddpd, the [Fe(ddpd) 2 ] 3+/2+ redox process occurs at lower potential than the corresponding [Fe(tpy) 2 ] 3+/2+ process by 0.38 V (Table 4 ). According to Mößbauer spectroscopy, these redox processes are metal centred giving the corresponding low-spin iron(III) complexes with (t 2g ) 5 (Table 4) [64] .
Replacement of a ddpd ligand by the electron accepting tridentate dcpp ligand give the deep blue-coloured heteroleptic push-pull substituted complex [Fe(dcpp)(ddpd)] 2+ (Scheme 5) [64] . The colour arises from a strong charge transfer absorption band peaking at 592 nm and tailing into the near-IR. According to time-dependent DFT calculations, the lowest energy components are of mixed MLCT (iron(II) → dcpp) and LL'CT (ddpd → dcpp) character. The homoleptic complex [Fe(dcpp) 2 ] 2+ prepared by McCusker features charge transfer bands as well but these are of pure MLCT nature [64, 117] . After excitation of the charge transfer bands of [Fe(dcpp) 2 ] 2+ and [Fe(dcpp)(ddpd)] 2+ , transient absorption spectroscopy reveals a rapid recovery of the ground state with τ = 280 and 548 ps, respectively. This unusually fast relaxation in the picosecond range has been tentatively assigned to a shortened relaxation cascade 1 MLCT → 3 MLCT → 3 MC( 3 T 1 ), omitting the 5 MC( 5 T 2 ) high-spin state with typical lifetimes in the nanosecond range [64, 117] . It has been proposed that the very large ligand field splitting in these complexes shifts the 5 T 2 state close to or even above the 3 T 1 excited state. However, non-radiative relaxation via the 3 T 1 states is still too fast to allow for a long-lived 3 MLCT state, as has been established recently in polycarbene iron(II) complexes [118] [119] [120] [121] [122] . [64, 117] . After excitation of the charge transfer bands of [Fe(dcpp)2] and [Fe(dcpp)(ddpd)] , transient absorption spectroscopy reveals a rapid recovery of the ground state with  = 280 and 548 ps, respectively. This unusually fast relaxation in the picosecond range has been tentatively assigned to a shortened relaxation cascade 1 MLCT → 3 MLCT → 3 MC( 3 T1), omitting the 5 MC( 5 T2) high-spin state with typical lifetimes in the nanosecond range [64, 117] . It has been proposed that the very large ligand field splitting in these complexes shifts the 5 T2 state close to or even above the 3 T1 excited state. However, non-radiative relaxation via the 3 T1 states is still too fast to allow for a long-lived 3 [43] . Moreover, additional bands appear at 724 and 872 nm, respectively. TD-DFT calculations suggest that these low-energy bands arise from LL'CT transitions, namely from the amide units localized at the [Htpda] − /[tpda] 2− ligands to the dcpp ligand without significant iron participation. The combined MLCT and LL'CT absorptions cover the spectral range from 600 nm to more than 1000 nm [43] . The low-energy 1 LL'CT transitions are dipole and spin allowed. However, emission from the corresponding 3 LL'CT states is not observed. Possibly, the π-Scheme 5. Heteroleptic iron(II) complexes of ddpd/R 2 tpda and dcpp.
The analogous heteroleptic complexes [Fe(dcpp)(R 2 tpda)] 2+ (R = H, n Pr, n Hex; Scheme 5) feature charge transfer properties similar to those of [Fe(dcpp)(ddpd)] 2+ [43] [43] . Moreover, additional bands appear at 724 and 872 nm, respectively. TD-DFT calculations suggest that these low-energy bands arise from LL'CT transitions, namely from the amide units localized at the [Htpda] − /[tpda] 2− ligands to the dcpp ligand without significant iron participation. The combined MLCT and LL'CT absorptions cover the spectral range from 600 nm to more than 1000 nm [43] . The low-energy 1 LL'CT transitions are dipole and spin allowed. However, emission from the corresponding 3 LL'CT states is not observed. Possibly, the π-donor character of the pyridyl amide ligands [Htpda] − and [tpda] 2− also decrease the ligand field splitting and consequently favour rapid non-radiative relaxation via the low-energy 3 MC( 3 T 1 ) and 5 MC( 5 T 2 ) states.
All iron(II) and iron(III) complexes of the oligopyridine ligands tpy and ddpd are low-spin complexes due to the large ligand field splitting in all cases. SCO is not observed. Ligand-centred reductions are reversible for the tpy complex but irreversible for the ddpd complex. The iron(III/II) couple is reversible for both complex types. MLCT bands appear in the visible spectral region for [Fe(tpy) 2 ] 2+ due to the low-energy π* orbitals of tpy but in the UV for the ddpd complex. The heteroleptic complex [Fe(dcpp)(ddpd)] 2+ displays MLCT bands with Fe → dcpp and LL'CT bands with ddpd → dcpp character in the Vis-NIR region.
[Mn(ddpd) 2 ] n+
Neither homo-nor heteroleptic complexes of manganese and ddpd have been reported so far. In contrast, colourless complexes of the type [Mn(tpy) 2 ] 2+ are easily formed from MnCl 2 ×4H 2 O, tpy and counter ion exchange, for example by perchlorate [87] . The manganese(II) complex cation features a high-spin d 5 electron configuration (S = 5 /2) with χT = 4.62 cm 3 K mol −1 at room temperature (Table 5 ) [87] . Expectedly, ligand field transitions are Laporte and spin-forbidden and only π-π* transitions appear at 284, 323 and 335 nm in CH 3 CN [123] . The coordination geometry of the 4'-tolyl derivative [Mn(Tol-tpy) 2 ] 2+ is compressed octahedral due to the ligand bite angle [70] . [Mn(tpy) 2 ] 2+ displays a rich redox chemistry [26, 87, 123] . Oxidation to the high-spin d 4 manganese(III) complex [Mn(tpy) 2 ] 3+ occurs at 0.86 V (Table 4 ). The 4'-tolyl tpy derivative [Mn(Tol-tpy) 2 ] 3+ shows a tetragonally compressed octahedral geometry due to the Jahn-Teller [59] effect and the ligand bite angle [70] . Heteroleptic complexes easily form in higher oxidation states. Binuclear mixed-valent di-µ-oxido terpyridine manganese complexes such as [(H 2 O)(tpy)Mn III (µ-O) 2 Mn IV (H 2 O)(tpy)] 3+ have been extensively studied as functional models of the oxygen-evolving centre of photosystem II [124, 125] .
Tpy-centred reductions are found for [Mn(tpy) 2 ] 2+ at −1.52, −1.86 and −2.37 V (Table 4 ) [26] . The manganese centre remains high-spin (S Mn = 5 /2) throughout this series. The neutral complex Mn II (tpy· − ) 2 has been structurally and magnetically characterized. Its S = 3 /2 ground state is attained via antiferromagnetic coupling of the five unpaired electrons of the Mn II ion with the unpaired spins of the two tpy· − ligands [26] .
A comparison of the structural, optical, electrochemical and magnetic data with those of [Mn(ddpd) 2 ] n+ complexes must await the preparation of the respective manganese ddpd complexes. (ddpd) 2 ] 3+ , mer-CrCl 3 (ddpd) [d 3 ] and mer-[Cr(ddpd) 2 ] 2+ [d 4 ] The heteroleptic complexes CrCl 3 (tpy) and mer-CrCl 3 (ddpd) are easily prepared from CrCl 3 (thf) 3 or CrCl 3 ×6H 2 O and the respective pincer ligand (Figure 9a,b) [71, 126] . Recently, Hauser and Piguet realized heteroleptic [Cr(tpy)(L')] 3+ complexes starting from CrCl 3 (tpy) via Cr(tpy)(CF 3 SO 3 ) 3 and further tridentate polypyridine ligands L' [126] . The homoleptic chromium(III) complexes [Cr(tpy) 2 ] 3+ and [Cr(ddpd) 2 ] 3+ are best prepared from more reactive chromium(II) salts such as Cr(CF 3 SO 3 ) 2 or CrCl 2 and the respective tridentate ligands, followed by (aerial) oxidation (Figure 9c,d) [50, 71] . Surprisingly, [Cr(tpy) 2 ] 3+ is quite labile in alkaline aqueous solution, presumably yielding to tpy displacement and [Cr(tpy)(OH) x ] n (3−x)n species [71] . On the contrary, [Cr(ddpd) 2 ] 3+ is substitutionally inert under these conditions-even under irradiation [50] . (Table 5) , confirming the expected (t2g) 3 electron configuration ( 4 A2 ground state) for both complexes [27, 50] . The magnetic moment of [Cr(ddpd)2][BF4]3 is temperature-independent down to 40 K. At 2 K, T has dropped to 1.788 cm 3 K mol −1 , suggesting weak zero-field splitting or weak intermolecular antiferromagetic interactions.
mer-[Cr
The first spin-allowed ligand field transition 4 A2 → 4 T2 of [Cr(tpy)2] 3+ appears at 533 nm [126] , that of [Cr(ddpd)2] 3+ at 435 nm [50] . These data imply a much larger ligand field splitting ∆o in the latter complex by more than 4200 cm −1 . Figure 9 . Molecular structures of (a) CrCl 3 (tpy)×DMSO [127] , (b) mer-CrCl 3 (ddpd) [126] (Table 5) , confirming the expected (t 2g ) 3 electron configuration ( 4 A 2 ground state) for both complexes [27, 50] . The magnetic moment of [Cr(ddpd) 2 ] [BF 4 ] 3 is temperature-independent down to 40 K. At 2 K, χT has dropped to 1.788 cm 3 K mol −1 , suggesting weak zero-field splitting or weak intermolecular antiferromagetic interactions.
The first spin-allowed ligand field transition 4 A 2 → 4 T 2 of [Cr(tpy) 2 ] 3+ appears at 533 nm [126] , that of [Cr(ddpd) 2 ] 3+ at 435 nm [50] . These data imply a much larger ligand field splitting ∆ o in the latter complex by more than 4200 cm −1 .
The [50] . Both the substitutional lability and the electronic structure of the reduced species [Cr(tpy) 2 ] 3−n (n = 1-3) are consequences of the π-accepting character and redox non-innocence of terpyridine. In contrast, ddpd is much more electron donating, thus preventing nucleophilic attack of hydroxide ions at the chromium(III) centre in [Cr(ddpd) 2 [128] and ddpd (Table 1) . The magnetic susceptibility data (in solution) confirm the high-spin state at room temperature (Table 5) . According to DFT calculations on the [Cr(ddpd) 2 ] 2+ dication, the high-spin d 4 -chromium(II) complex is Jahn-Teller distorted [59, 129] with Cr-N2 = 2.052, Cr-N1 = Cr-N3 = 2.110 and Cr-N2 = 2.117, Cr-N1 = 2.311 and Cr-N3 = 2.312 Å. A similar, yet less pronounced elongated octahedron is observed with Cr-N2 = 2.064(9), Cr-N1 = Cr-N3 = 2.089(6) and Cr-N2 = 2.070(11), Cr-N1 = Cr-N3' = 2.117(7) Å in the crystalline state at 263 K (Table 1) . At 263 K, this Jahn-Teller distortion is probably dynamic, as the difference between the short and long equatorial bonds (∆d sl = 0.028 Å) is less than that in [Cr(NCCH 3 ) 6 ][BPh 4 ] 2 at 110 K (Cr-N = 2.0655, 2.0918 and 2.4231 Å) [130] . The electronic and geometric situation is similar to that of the d 9 6 and tpy [27] . No heteroleptic intermediate complex Cr(CO) 3 (tpy) has been reported, probably due to the required meridional configuration of Cr(CO) 3 (tpy) with trans positioned CO ligands, in contrast to the stable fac-Cr(CO) 3 (py) 3 complex already prepared by Hieber [131, 132] . Furthermore, tpy might already acquire π electron density from the low-valent chromium centre in the intermediate complex Cr(CO) 3 (tpy), which further labilizes the Cr-CO bond. In contrast, neutral [Cr(ddpd) 2 ] 0 could not be obtained from Cr(CO) 6 and ddpd even under forcing conditions (refluxing mesitylene, b.p. 165 • C). This substitution reaction arrests at the heteroleptic tricarbonyl complex fac-Cr(CO) 3 (ddpd). The ῦ CO IR data of this chromium(0) complex (1891 (s), 1775 (s), 1740 (s) cm −1 ) suggest a facial ligand arrangement, which is enabled by the flexible ddpd ligand. The ῦ CO data are comparable to those of fac-Cr(CO) 3 [P(2-py) 3 ] with three perfectly identical monodentate pyridine ligands (1901 (s), 1777 (br) cm −1 ) [133] and to fac-Cr(CO) 3 [HN(2-py) 2 ](4-pic) with strongly dissimilar pyridine donor ligands (1893 (s), 1780 (s), 1720 (s) cm −1 ) [134] (cf. Scheme 4 for cis-fac isomers of homoleptic complexes). The similar intensities of the three ῦ CO bands also support the facial isomer instead of a mer-isomer, which should show a less intense A 1 absorption band. In accordance with this assignment, DFT calculations find the fac-isomer more stable than the mer-isomer by 54 kJ mol −1 (Supplementary Materials). Furthermore, the electron donating character of ddpd stabilize the trans Cr-CO bonds in fac-Cr(CO) 3 (ddpd) and the three CO ligands resist further substitution by ddpd [135] .
2,2 -Bipyridine (bpy), 1,10-phenanthroline (phen), tpy and ddpd are strong field ligands and consequently, the spin-flip states 2 E/ 2 T 1 are lower in energy than the 4 T 2 ligand field state. Indeed, 2 E phosphorescence is observed for the corresponding homoleptic chromium(III) complexes at 727, 730, 770 and 775 nm, respectively ( Figure 10 ) [50, 136] . However, the photoluminescence quantum yields of the three former complexes are below 0.15% hampering useful optical applications. The very low quantum yield of [Cr(tpy) 2 ] 3+ (<0.00089%) has been accounted for by the strong deviation from octahedral symmetry (S(OC-6) > 2.5, Table 2 ) and consequently a comparably small ligand field splitting with poor chromium-ligand orbital overlap. The small ligand field splitting places the detrimental 4 T 2 ligand field state close in energy to the luminescent 2 E state allowing for thermal back-intersystem crossing and hence non-radiative deactivation. Substituent effects at the 4'-position of tpy slightly improve the brightness of the luminescence of [Cr(R-tpy) 2 ] 3+ (R = p-Me-C 6 H 4 , p-MeO-C 6 H 4 ) by increasing both the absorbance in the visible spectral region and the quantum yield by a factor of 4.3 relative to unsubstituted [Cr(tpy) 2 ] 3+ [137] . On the other hand, the [Cr(ddpd) 2 ] 3+ complex with a geometry close to octahedral (S(OC-6) < 0.5, Table 1 ) enables record luminescence quantum yields of φ = 12% and 11% in CH 3 CN and H 2 O, respectively [50, 53] . These values have been further boosted by the combined action of ligand (Scheme 2) and solvent deuteration to φ = 30% and 22% in D 2 O and CD 3 CN, respectively [42, 53] . These measures reduce the multiphonon relaxation via CH and OH oscillators and consequently increase the luminescence quantum yield [42, 53] . Concomitant with the very high quantum yields, the lifetime of the doublet excited state increases to up to 2.3 ms [42] . Similarly, deuteration of the NH groups of the analogous [Cr(H 2 tpda) 2 ] 3+ complex increases the luminescence quantum yield from 8.8% to 12.0% in CH 3 CN due to the removal of the NH oscillators [138] . The high quantum yields and excited state lifetimes of [Cr(ddpd) 2 ] 3+ complexes led to their description as "molecular rubies" [42, 50, 53] . with a geometry close to octahedral (S(OC-6) < 0.5, Table 1 ) enables record luminescence quantum yields of φ = 12% and 11% in CH3CN and H2O, respectively [50, 53] . These values have been further boosted by the combined action of ligand (Scheme 2) and solvent deuteration to φ = 30% and 22% in D2O and CD3CN, respectively [42, 53] . These measures reduce the multiphonon relaxation via CH and OH oscillators and consequently increase the luminescence quantum yield [42, 53] . Concomitant with the very high quantum yields, the lifetime of the doublet excited state increases to up to 2.3 ms [42] . Similarly, deuteration of the NH groups of the analogous [Cr(H2tpda)2] 3+ complex increases the luminescence quantum yield from 8.8% to 12.0% in CH3CN due to the removal of the NH oscillators [138] . The high quantum yields and excited state lifetimes of [Cr(ddpd)2] 3+ complexes led to their description as "molecular rubies" [42, 50, 53] . [139] . The thus generated 1 O 2 has been successfully utilized for visible-light-induced oxidative C-H bond functionalization of tertiary amines [139] . The luminescence quenching of the stable and highly luminescent [Cr(ddpd) 2 ] 3+ complex by triplet oxygen can be further elaborated into optical oxygen sensors [53] .
Furthermore, optical sensing of temperature has been realized with dissolved molecular [Cr(ddpd) 2 ] 3+ complexes and with [Cr(ddpd) 2 ] 3+ enclosed in polystyrene nanoparticles or micelles [144] . Exploiting the thermal equilibration of the long-lived emissive 2 E and 2 T 1 states allows using the dual emitter [Cr(ddpd) 2 ] 3+ as self-referencing dye (Figure 10 ) [144] . Moreover, the pressure-dependent energy shift of the 2 E emission band has been utilized for optical pressure detection both in the solid state and in solution. The solution chemistry of VCl 3 and pyridine is complicated due to complex equilibria and accompanying redox chemistry [147] . Literature reports concerning vanadium(III) complexes with terpyridine are very scarce. The brown heteroleptic complex VCl 3 (tpy) has been prepared from VCl 3 and tpy [80, 148, 149] . Similarly, yellow mer-VCl 3 (ddpd) is obtained from VCl 3 (thf) 3 [150] and ddpd displaying an LMCT absorption band at 455 nm ( Figure S3) . A related VCl 3 complex VCl 3 (L) with L = 2,6-bis(3,5-diphenylpyrazol-1-ylmethyl)pyridine as tridentate nitrogen donor ligand forming 6-membered chelate rings had been reported as pre-catalyst for ethylene polymerization [151] . Yet, structural data of VCl 3 (tpy) and VCl 3 (L) are lacking. A few solid-state structures of VCl 3 (bimpy) (bimpy = 2,6-bis(imino)pyridine) ligands forming five-membered chelate rings) have been reported and these complexes have been employed in radical polymerization catalysis [152] . VCl 3 (ddpd) crystallised in the monoclinic space group P2 1 /n as a monomeric complex with meridional ddpd coordination (Figure 11a ), isostructural to mer-CrCl 3 (ddpd) [126] . The magnetic susceptibility of VCl 3 (tpy) (χT = 0.744 cm −1 K mol −1 at 290 K) and mer-VCl 3 (ddpd) (χT = 0.879 cm −1 K mol −1 at 290 K; Figure S4 ) is less than expected for a (t 2g ) 2 electron configuration ( 3 T 1 ground state) and has been ascribed to the splitting of the 3 T 1 ground state by the ligand field [148] . and these complexes have been employed in radical polymerization catalysis [152] . VCl3(ddpd) crystallised in the monoclinic space group P21/n as a monomeric complex with meridional ddpd coordination (Figure 11a ), isostructural to mer-CrCl3(ddpd) [126] . The magnetic susceptibility of VCl3(tpy) (T = 0.744 cm −1 K mol −1 at 290 K) and mer-VCl3(ddpd) (T = 0.879 cm −1 K mol −1 at 290 K; Figure S4 ) is less than expected for a (t2g) 2 electron configuration ( 3 T1 ground state) and has been ascribed to the splitting of the 3 T1 ground state by the ligand field [148] . (Table 5 ) [90] . The dicationic complex [V(tpy)2] 2+ exhibits absorption bands at λ = 767 and 402 nm [153] . The intensity of the low-energy band suggests charge transfer character. Two electronic descriptions of the ground state are conceivable, namely [V II (tpy)2] 2+ or [V III (tpy· − )(tpy)] 2+ with MLCT or LMCT bands, respectively. However, the electronic structure of [V(tpy)2] 2+ has not yet been determined experimentally. In the presence of three equivalents Ag[CF 3 2 ] 3+ has been crystallographically characterized (Figure 11b ), providing first structural data of a homoleptic polypyridine vanadium(III) complex. Obviously, the electron-rich ddpd ligand stabilizes electron-poor d 2 -V III complexes in contrast to the π-accepting tpy ligand.
Ligand substitution of V(η 6 -C 6 H 6 ) 2 , V(CO) 4 (dppe) or K[V(CO) 6 ] with tpy (dppe = 1,2-bis (diphenylphosphano)ethane) [154] , reduction of [V(tpy) 2 ]I 2 with Mg in DMF or LiAlH 4 in dioxane [90] or sodium amalgam reduction of VCl 3 in the presence of tpy yields the black, neutral complex [V(tpy) 2 ] 0 [155] . According to single crystal X-ray diffraction and spectroscopic data, [V(tpy) 2 ] 0 features a [V IV (tpy 2− ) 2 ] 0 electronic structure with an unpaired electron localized at the vanadium ion (S = 1 /2 ) [90, 154, 155] . These data again illustrate the complementary nature of tpy and ddpd, with tpy stabilizing reduced, electron-rich vanadium species by internal redox reactions and ddpd stabilizing electron-poor vanadium(III) complexes. Intensity data were collected with a STOE IPDS-2T diffractometer with an Oxford cooling system using Mo-Kα radiation (λ = 0.71073 Å). The diffraction frames were integrated using the Bruker SMART software package [156] and most were corrected for absorption with MULABS [157] of the PLATON software package [158] . The structures were solved by direct methods and refined by the full-matrix method based on F 2 using the SHELXL software package [159, 160] . All non-hydrogen atoms were refined anisotropically, while the positions of all hydrogen atoms were generated with appropriate geometric constraints and allowed to ride on their respective parent atoms with fixed isotropic thermal parameters. Only, the non-hydrogen atoms of co-crystallized acetonitrile in mer-[Fe(ddpd) 2 . Unfortunately, only a few needle-shaped crystals were suitable for single-crystal X-ray analysis. The investigated needle-shaped crystal was the one of highest quality. Up to now, no crystals with better diffracting power could be obtained and hence no better reflection data. In spite of the weak diffraction quality, the cis-fac coordination mode of the ddpd ligand in this complex salt is unambiguous.
Experimental Section
NMR spectra were recorded with a Bruker Avance DRX 400 spectrometer at 400.31 MHz ( 1 H). All resonances are reported in ppm versus the solvent signal as an internal standard (CD 2 Cl 2 : 1 H, δ = 5.32 ppm; s = singlet, d = doublet, t = triplet, m = multiplet) [161] . IR spectra were recorded with a BioRad Excalibur FTS 3100 spectrometer as KBr disks or with a Bruker Alpha FT-IR spectrometer with an ATR unit containing a diamond crystal. UV/Vis/near-IR spectra were recorded with a Varian Cary 5000 spectrometer by using 1.0 cm cells (Hellma, Suprasil). ESI + mass spectra were recorded with a Micromass Q-TOF-Ultima spectrometer. FD mass spectra were recorded on a Thermo Fisher DFS mass spectrometer with a LIFDI upgrade. DC magnetic studies were performed with a Quantum Design MPMS-XL-7 SQUID magnetometer on powdered microcrystalline samples embedded in eicosane to avoid orientation of the crystallites under applied field (1 Tesla). Experimental susceptibility data were corrected for the underlying diamagnetism using Pascal's constants. The temperature dependent magnetic contribution of the holder and of the embedding matrix eicosane were experimentally determined and subtracted from the measured susceptibility data. Electrochemical experiments were carried out on a BioLogic SP-50 voltammetric analyser using a platinum working electrode, a platinum wire as a counter electrode and a 0.01 M Ag/AgNO 3 CH 3 CN electrode as reference electrode. The measurements were carried out at a scan rate of 100 mV s −1 for cyclic voltammetry experiments using 0.1 M [ n Bu 4 N] [PF 6 ] as supporting electrolyte and 0.002 M of the sample in acetonitrile. Potentials are given relative to the ferrocene/ferrocenium couple. Elemental analyses were performed by the microanalytical laboratory of the chemical institutes of the University of Mainz.
DFT calculations were carried out using the ORCA program package (version 4.0.1) [162] . All calculations were performed using the B3LYP functional [163] [164] [165] and employ the RIJCOSX approximation [166, 167] . Relativistic effects were calculated at the zeroth order regular approximation (ZORA) level [168] . The ZORA keyword automatically invokes relativistically adjusted basis sets. salts have not yet been discovered with low-spin spin states but might be available with different counter ions or within different matrices. Iron(II) complexes with unsubstituted ddpd ligands are all low-spin. However, lowering the ligand field strength by 6,6 substitution might be a promising strategy, similar to the tpy complexes.
Modification of ddpd to tune the ligand field strength (higher or lower), to allow for conjugation with functional groups such as light antenna or catalysts, for incorporation into supramolecular arrays or for immobilization on surfaces or in nanoparticles are important future perspectives of transition metal ddpd complexes. The deliberate incorporation of ddpd in heteroleptic chelate complexes will further open plentiful tuning possibilities with respect to optical, magnetic and catalytic properties. These future developments will possibly enable applications of [M(ddpd)(L) m ] n+ in magnetic storage devices, optical sensing, catalysis, electrocatalysis, photocatalysis and supramolecular chemistry. 
